Eastern Illinois University

The Keep
Masters Theses

Student Theses & Publications

Spring 2022

Development of Phase Change Thermal Storage Medium:
Cooking with More Power and Versatility
Martin Osei
Eastern Illinois University

Follow this and additional works at: https://thekeep.eiu.edu/theses
Part of the Energy Systems Commons, Environmental Health Commons, Food Studies Commons,
Heat Transfer, Combustion Commons, and the Manufacturing Commons

Recommended Citation
Osei, Martin, "Development of Phase Change Thermal Storage Medium: Cooking with More Power and
Versatility" (2022). Masters Theses. 4925.
https://thekeep.eiu.edu/theses/4925

This Dissertation/Thesis is brought to you for free and open access by the Student Theses & Publications at The
Keep. It has been accepted for inclusion in Masters Theses by an authorized administrator of The Keep. For more
information, please contact tabruns@eiu.edu.

DEVELOPMENT OF PHASE CHANGE THERMAL STORAGE MEDIUM: COOKING
WITH MORE POWER AND VERSATILITY

BY
MARTIN OSEI

THESIS
Submitted in partial fulfillment of the requirements
for the degree of Master of Science in Sustainable Energy
in the Lumpkin College of Business and Technology
Eastern Illinois University, 2022

Charleston, Illinois
Thesis Committee:
Dr. Nichole Hugo, Chair
Dr. Jerry Cloward
Dr. Isaac Slaven
Dr. Peter V. Schwartz

Abstract
Most households in rural communities depend on burning firewood, charcoal, and coal as their
primary source of fuel for cooking. According to the World Health Organization (WHO) about 3
billion people globally cook with solid fuels (Reuters, 2019). This results in the production of
carbon monoxide and other greenhouse gasses, deforestation, and the deaths of approximately four
million people annually from associated emissions.
The Insulated Solar Electric Cooker (ISEC) was developed as a sustainable alternative cooking
method. This research addresses a major problem in the lives and wellbeing of people in rural
communities globally, especially Africa. Several working prototypes have been fabricated and are
currently in use in some communities in Ghana, India, Togo, and Uganda. This work is part of
research toward radically inexpensive solar electricity.
The ISEC is powered by a solar panel to cook food and provide limited off-grid electricity access.
It cooks slowly when used during sunny hours, but with the addition of a phase change thermal
storage, it can store the day’s energy to reach a high temperature quickly and allow the user to
cook after sunset. This new cooking technology is convenient and adaptable to the user’s needs.
The efficiency of thermal storage is comparable to that of more expensive systems using battery
storage and induction cooktops. This document outlines how the ISEC is constructed and the
various materials, tests, and data that allowed us to arrive at this product. A Global Learning
Community of researchers, funding agencies, nonprofits, student groups, and local enterprises
were involved in the development of this open-source technology and subsidizes local production
and dissemination.

I dedicate this work to my family and the people in impoverished communities still cooking on
open fires. I hope this work helps you!
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Introduction
In most of the rural communities in Ghana, children (particularly girls) stay with their
mothers in the kitchen while making dinner. The charcoal burning stove which contributes to air
pollution, deaths, and poses numerous health risks is one of the commonest cooking methods used
in these energy-impoverished communities. This research is motivated by the global movement to
reduce the challenges surrounding cooking effectively and efficiently - pollution, health risks,
environmental degradation, and increased fuel costs, among others - in low-income communities,
Ghana not an exception.

1.1 Cooking as a Global Problem
Energy for cooking and powering other appliances has gradually become one of the most
valuable things for everyday life. More research and technologies are being developed to help shift
the over dependence on fossil fuels to renewable energy usage partly because of the risks these
fuels pose to our health, the environment, and their contribution to climate change as well as future
generations. Although the adoption of renewable energy technologies continues to increase, about
13 percent of people do not have access to electricity. However, with decentralized solutions and
reduced cost for solar technologies, accessible and cheaper appliances and incentivized business
models, access to electricity has increased over the last few years (Ritchie & Roser, 2020).
According to the World Health Organization (WHO, 2014), three billion people (40 percent of the
global population) use traditional cooking methods to satisfy their cooking needs. Solid fuels like
wood, charcoal, and animal dung are used as the primary fuel sources for traditional cooking. Such
cooking methods not only contribute to global climate change but cause over four million deaths,
most from heart and pulmonary diseases, lung cancer and skin allergies (WHO, 2014).
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Approximately 6.5 percent of deaths associated with burning fuels are children under the age of
five (Mishra, 2003). Figure 1.1 summarizes the locations and proportions of these deaths by
households and region. With recent growth in population, especially in low-income communities,
this number will continue to increase as 80 percent of the population in Sub-Saharan Africa still
cook by burning solid fuels. Twenty out of twenty-five countries in the world where almost 90
percent of people cook with traditional cooking methods are in Sub-Saharan Africa (International
Energy Agency, 2017). In Ghana, almost 76 percent of households depend on solid fuels (mostly
charcoal) for cooking (WHO, 2018). Charcoal is one of the major drivers of the economy in some
African countries and contributes as one of the greatest threats to the environment. This is not only
a household problem but has environmental impacts that extends to many urban areas, the
particulates released from burning fuels produce carbon dioxide, black carbon, carbon monoxide
and ozone depletion agents. Concentrations of these particulates pollute the air, impacting a whole
community, even those using low impact fuels (Smith et al., 2014; Mahalanabis et al., 2002).
Hence the need for a clean and environmentally friendly cooking technology.

Figure 1.1: Cause of death from air pollution and impact regions in 2012. Infographic adopted
from Subramanian’s Global Health: “Deadly Dinners” (2014).
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1.1 Solar Energy as a Solution
Making use of the energy from the sun is not a new discovery. The sun was used to start
fires in the 17th century by focusing it on mirrors and glass (Urban Solar, 2015). In efforts to
reduce the energy crisis, issues of climate change, and other health implications while promoting
energy security, various solar technologies have been developed to harness the sun’s energy. Solar
energy has a variety of applications, including water heating, electricity generation, and
transportation. Although solar remains a clean, inexhaustible renewable energy source, the energyimpoverished live in areas where there are no technologies or infrastructure to harness this
resource, limiting its access as a reliable solution. This is not different for solar applications in
cooking, even when families can afford payment for these technologies, the service suffers
disruptions. For instance, the government of Ghana started a Liquefied Petroleum Gas (LPG)
promotion strategy where 14.5 kg and 5 kg cylinders were freely disseminated, but users were
required to pay for gas cost (Asante et al., 2018). However, the program failed to achieve its target
mainly because of the cost and distance to these LPG filling stations. It has been reported that only
8 percent used the cylinders and continued using it for 18 months after the start of the program
(Asante et al., 2018), while the rest resorted to their traditional cooking methods. The International
Energy Agency estimates that by the year 2030, the number of households depending on solid
fuels for cooking will increase from the current 2.4 billion to 2.7 billion (International Energy
Agency, 2017).
Concerning how much is paid for solid fuels, the World Bank and the Global Alliance for
Clean Cookstoves reports that about 1 billion households pay between $100 - $250/ year (Alonso,
2018; Putti et al., 2015). More so, health implications and time spent on fetching wood, contributes
to this cost. 25-30 percent of average household income is spent on energy needs (Alonso, 2018;
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Masud et al., 2007). Hence the reason why solar cooking needs to be considered as a solution to
the global cooking problem. The sun, with its inexhaustible resource, provides enough power for
usage in a few hours than the world’s population can utilize in a year (Alonso, 2018). However,
most low-income communities reside in areas designated as having higher average solar energy
potential. Kenya had solar irradiation levels 50 percent higher than that of Germany which boasts
itself with the highest solar capacities. With the continuous decrease in solar panel costs, direct
solar applications will remain inexpensive but complementing solar panels with inverters and
batteries adds more costs.
The energy from the sun makes itself available to be collected by the user and employed
for cooking and other applications. Horace de Saussure, in 1767, became the first person to
successfully make a solar oven to collect the sun’s energy and cook food (Alonso, 2018; Urban
Solar, 2015). Horace stacked layers of glass inside a box, separating them by a lining which
allowed radiation from the sun to pass through the glass before being absorbed by the lining and
converted to heat. This achieved temperatures of about 230 ˚F (Urban Solar, 2015). For most solar
cooking technologies, a highly reflective (mirrored) surface is used to focus light from the sun
onto a cooking surface, producing temperatures high enough to cook food on a sunny day. Other
technologies convert the sun’s energy to heat energy instead of focusing it on a cooking surface.
A heating element attached to a cook pot and then connected to a solar panel can bring food to a
boil. Over the years, several solar cooking methods and technologies have evolved and been used
for either frying, baking, or boiling applications. Solar cookers are largely classified as box, panel
and concentrating type cookers. Box-type cookers have the simplest operating mechanism. They
have a clear plastic or glass top with reflectors to concentrate sunlight into the box. Dark pots
containing food are often used to absorb the reflected solar radiations, cooking the food. Food is
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cooked mostly between 90 ˚C to 200 ˚C within 1 to 3 hours in the box-type cookers when
adequately insulated (Solar Cookers International, 2020). They work best when in the sun for
several hours, mostly for baking and boiling applications (Alonso, 2018).
On the other hand, the parabolic and other concentrating type cookers have a bowl-shaped
reflector which focuses the sun’s rays directly to the cook pot. The heat enters from below the pot
and does not require insulation to cook food. Concentrating cookers are mostly used for frying
applications because of their ability to achieve higher temperatures, above 200 ˚C (Alonso, 2018;
Solar Cookers International, 2020). Although concentrating cookers perform better than boxcookers, the former requires solar tracking for maximum efficiency whilst box-cookers do not
(Kumaresan et al., 2018). The user needs to be outside to adjust the concentrator in the direction
of the sun and tend to food to avoid burning the food at the bottom of the pot (Alonso, 2018).
Irrespective of the method of solar cooking, the user cannot cook after sunset or inside, limiting
the adoption of these technologies in most developing countries. For indoor applications, an
indirect solar cooker is preferred.
This study focuses on the development of an Insulated Solar Cooker to store thermal
energy, material selection from local sources and tests various design models to store heat for use
after peak sun hours. The main aim is to provide the user a means to cook food when the sun sets
or at night and potentially the next morning.
1.2 The Insulated Solar Electric Cooker
In 2015, a team set out to research and develop an inexpensive, energy-efficient solar
cooking technology called the Insulated Solar Electric Cooker (ISEC). The goal was to develop
the best cooking technology by the time solar panel prices are low enough to enable developing
5

communities adopt the technology (Watkins et al., 2017). There are four basic components to an
ISEC: a solar panel, insulation, an electric heating element, and the cook pot (cooking chamber).
Although the cost of direct solar electricity applications (without batteries and inverters) continues
to decrease, the most expensive component of an ISEC is the solar panel. While solar panel prices
continue to decrease, $0.22 per Watt at the factory door but about $80 for 100 W, traditional
cooking requires energy (power) on the order of 1kW corresponding to solar panels costing around
$800, rendering such a system too expensive for the communities it is meant to help (Watkins et
al., 2017). With a 100 W, food can be slowly cooked during the day when properly insulated,
minimizing energy loss to the surroundings. The team developed several variations of the ISEC
and performed tests on each. A barbeque style ISEC with a 5-gallon cooking chamber made from
a steel drum was the first prototype. This had its heating element attached to the lid and the whole
system surrounded by insulation. Another prototype had the heating element directly attached to
the bottom of the cook pot and then surrounded by insulation. Each of these prototypes were tested
to determine their thermal efficiency, ease of use, and its adaptability. In 2019, part of the team
traveled to Ghana to introduce the technology to a rural community. The ISECs built in Ghana
used only materials purchased locally at a total cost lower than $100 per unit. A photo of one of
the ISEC units been installed is shown in Figure 1.2. The ISECs was used to cook vegetables, fish,
and rice over shorter periods and for cooking beans over the course of the day, but the people of
the community preferred using their traditional cooking methods to make meals like banku which
requires constant stirring.
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Figure 1.2: ISEC implemented in Ghana. The outer structure is made of wood and pieces of cloth
are used as insulation. The heater is attached at the bottom of the cooking pot.
Another team of students developed an ISEC with a thermal storage system. The design
had four relevant components: the thermal storage material, cook pots, heating element, and
insulation material. The team made a cylindrical core of concrete, used it as the thermal storage
material and embedded a nichrome wire in the concrete core as the heating element. Rice hulls
was used as the insulation material (Gyokery et al., 2017). Figure 1.3 shows an assembly model
of the first ISEC with thermal storage prototype. This was unsuccessful and started fires. The team
found out that the fires were because of the nichrome wire been directly exposed to the rice hulls
and rice hulls used as insulation burn at temperatures considerably under their ignition temperature
(Gyokery et al., 2017). The team factored several improvements in their final prototype and
successfully tested it without any fires but failed to accomplish the design objective of cooking
after dark, performing worse than the original direct ISEC. While the team failed, it still served a
great knowledge baseline and steered important research towards the design of ISECs with thermal
storage.
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Figure 1.3: Assembly model of the first ISEC with a thermal storage medium. Adopted from
Insulated Solar Electric Cooker with Phase Change Thermal Storage Medium by Unger et al.
2017.

1.3 Heat Storage Systems
Central to the barriers in the adoption of solar cooking technologies is the inability to store
solar energy for later use. Thermal storage has become an important aspect of renewable energy
technologies, mostly employed in building and industrial heating and cooling processes and power
generation (Sarbu & Sebarchievici, 2018). More so, thermal energy storage provides a cheaper
method of storing energy, reducing emissions, and managing the intermittency of the resource
(Pintaldi et al., 2015). Solar energy can be stored as sensible heat, latent heat, and thermo-chemical
heat storage or a combination of these in solar cooking applications (Sharma & Sagara, 2005). In
latent heat storage (LHS) applications, a phase change material (PCM) is used as the thermal
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storage medium. The PCM absorbs, stores, and releases energy during its phase transitions. Latent
heat storage is achieved through solid-liquid, solid-solid, liquid-solid, and liquid-gas phase
transitions, however, the most applicable are the solid-liquid and solid-solid transitions (Sharma
& Sagara, 2005; Wang et al., 2000). When compared with solid-liquid PCMs, solid-solid PCMs
have longer lifespan, no leakages, smaller device erosion and smaller volume during phase change,
although it has lower latent heat and higher cost (Wang et al., 2000). Latent heat storage provides
a higher energy density and a more familiar cooking experience at stable temperatures (Alonso,
2018).
1.3.1 Heat Storage Mediums Successfully Used in Solar Cooking
Several solar cooker designs have integrated sensible heat storage technologies, which
presents the possibility of keeping food warm and maybe heating meals during low sunlight hours
(Alonso, 2018). Ramadan et al. designed a simple box flat-plate solar cooker with focusing plane
mirrors and stores energy from the sun using sand as the storage medium. The author’s low cost,
$15, system achieved approximately 3 hours of indoor cooking, a time reported to have been
accomplished by heating 0.8kg of water in a vessel insulated with 0.5 cm thick sand. The water
temperature was maintained using sand as both heat storage medium and insulation after it was
heated outside together with the sand.
Vierra da Silva and Schwarzer used vegetable oil as a heat transfer medium in a flat-plate
collector system with double glazed covering and cooking pots. The scalable system, varying from
1 to 12m2 of collector area with different cookpot sizes had capacity ranging 5-100 L (Schwarzer
and Vierra da Silva, 2008). At maximum temperature, 5L of water was boiled in 10-12 minutes.
More than 200 cookers according to the authors have been installed in communities since 1986
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with the largest system having 10m2 collector area and feeding 200 students in Nicaragua
(Schwarzer and Vierra da Silva, 2008).
Haraksingh et al. created a double-glazed flat-plate collector solar cooker using Maxorb®
foil as the power source and tested coconut oil as the heat storage medium. Its copper cooking
chamber immersed in coconut oil was fitted with two inlet and outlet pipes in which energy was
transferred through a thermosyphon action. The system attained 5MJ of energy storage at 130°C
on a sunny day and maintained boiling a 2L of water for 2.5 hours. The authors boiled rice and
sweet potatoes in boiling water within 20-25 minutes (Haraksingh et al., 1996).
The literature discussed above demonstrates how heat storage mediums have been
employed in solar cooking. Sensible heat storage systems used in research illustrates only how
much thermal energy was available to the system with very limited attention paid to describing
how energy is recovered in such systems for cooking food after dark. To adequately evaluate the
efficiency and performance of sensible heat storage systems, researchers must provide information
on how much energy is recovered for cooking and the rate at which it is recovered (Alonso, 2018).

1.4 Thermal Storage Material Selection
There are a variety of heat storage materials available including sugar alcohol, polymers,
salts, gels, paraffin, and metals (metal alloys). Most of these materials have been reviewed and
tested for their suitability for heat storage applications in Solar Electric Cooking (SEC). Material
selection herein focused on PCMs that melts above 100 ℃ and is thermally stable at higher
temperatures. For solid thermal storage materials, focus was on those that can operate between
300-400 ℃ temperature range. Better temperature ranges are expected to have more heat storage
capacity and faster heat transfer rates (Alonso, 2018). This range for metal heat storage

10

applications have not been investigated much but Alonso (2018) heated an aluminum puck to about
400 ℃ while utilizing its stored energy for cooking in his Sun Bucket. In his work, several tests
were done with a mixture of Sodium Nitrate and Potassium Nitrate salts as the PCM combined
with metal heat storage materials.
Several factors have been considered for the selection of a suitable storage material;
material’s thermal stability at higher temperature, cost, availability, safety, melting temperature,
sensible and latent heat capacity, and rate of heat transfer (Kuravi et al., 2012). Table 1.1 represents
a list of materials that have been selected based on their heat capacity, temperature range, and
melting points. It shows their approximate energy storage capacity when heated from room
temperature, herein estimated as 25 ℃. Although the material will be used mainly for cooking
applications, determining how much energy remains after cooking is relevant for other household
applications, charging cell phones and lamps. References for the selected materials are a difficult
find since these materials have not been reviewed in decades and for some references, data is
inconsistent. Alonso (2018), for instance, reports the melting point of Sodium Nitrate salt (NaNO3)
to be 307 ℃ while Kuravi et al. (2012) estimates the same at 310 ℃. Kuravi et al. (2012) observed
discrepancies between the laboratory measured and published data for the heat capacities of some
materials. In table 1.1, each material’s operating point (maximum) was set at 400 ℃ or the boiling
temperature of the material. Materials of operating point higher than 400 ℃ are given 401℃ as
the maximum. Because substantial energy is stored during the phase transition, the boiling point
of the materials is relevant (Alonso, 2018).
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Table 1.1: Energy stored in materials from 25 ℃ to their melting point or maximum operating
point. Adopted from Alonso, 2018.

Erythritol was selected for the first prototype and initial studies. The material was chosen
because of its low cost, availability, latent heat storage capacity, chemistry, safety, and its
application in other solar thermal technologies. Other materials are considered later, like nitrate
salts, but is not considered now because of its explosive characteristics when it gets in contact with
a flame. Some have limited availability, low storage, and are very expensive and thus not
considered.

12

Methods
2.1 Initial Work
2.1.1 Introduction
This research was driven by the need to provide a potential solution to the global cooking
problem. With this outcome in mind, it is critical that the ISEC meet the potential user’s cooking
practices as easily and efficiently as traditional cookware. This meant the ISEC needed to function
at more power and cook at higher temperatures than previously developed solar cooking
technologies. Additionally, it was important that the device be able to cook when and where people
cook, mostly after dark and in the kitchen instead of outside, directly in the sun. Since the prices
of solar panels continue to decrease, we believe the ISEC is the best solar cooking option. Over
the last 40 years, solar panel prices have dropped by a factor of 200, equating to about a 50 percent
reduction in price every five years (Swanson, 2015). A well-insulated ISEC reduces heat loss,
efficiently bringing food to a boil with low power. A low output solar panel (∼ 100 W) makes an
ISEC cheap but requires high solar intensity and a longer time to cook food. A 100 W panel brings
approximately 5 kg of food to a boil during the day. The aim is developing a cooking technology
that is inexpensive, easy to make with local materials, and harnesses the sun’s energy without
cooking in the sun.
Figure 2.1 indicates two systems: a direct DC (diode-based) solar cooking system and a
regular battery-based solar PV system. The voltage controls and inverters which make the
conventional solar system expensive are replaced with the diode chain heater in our application.
The conventional systems can store energy for later use, but they cost about $150 extra, excluding
the solar panel itself and maintenance costs. Alternatively, the diode-based system costs an extra
$10 or less, but solar tracking is required to make the best use of the sun during the day.
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Figure 2.1: The conventional solar PV system (left) showing other components and devices that
can be connected to the panel. On the right is a diode-based system where the only extra cost is
the diodes for the same panel used. Image adopted from Gius et al. 2019.

2.1.2 ISEC with Nickel-Chromium Wire
For simplicity, ISEC = (Cookpot + Electric Heater) + Solar Panel + Insulation.
The ISEC consists of a heating element thermally connected to a cookpot inside a well-insulated
container to reduce heat loss to the surroundings, and then connected to a 100W solar panel. A
Nickel-Chromium (NiCr) wire, 26 gauge of 8.14 Ohms/m electric resistance was used as the first
heating element, later immersed in 1.3cm thick concrete and then left to cure. NiCr wire was ideal
because of its availability and low cost (Watkins et al., 2017). Figure 2.2(a) shows the NiCr wire
clamped at its end to a fiberglass insulated wire and held in place without touching each other in
the mold. The image left of figure 2.2(b) is the molded heating element of 2.9 Ohms initial
resistance that increases to 3.2 ohms when connected. The wires are clamped instead of soldering
since the solder will melt at high temperatures, short-circuiting the connection.
14
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a

Figure 2.2(a) Nickel-Chrome wire connected to a wire. (b) Finished heating element, ready for
use. Images adopted from Watkins et al., 2017.
A 5-gallon drum made of steel was filled with fiberglass insulation and used for the initial
laboratory experiments in San Luis Obispo, California. This was used for boil and simmer cooking
applications as the temperature rose slightly above 100 ℃. Another prototype was made by
digging a hole and making a square-shaped perimeter around the hole with the dirt. The hole filled
with straw as insulation had a cylindrical steel wall in the void to prevent straw from entering the
cooking chamber. The heating element was placed under the cookpot in the cooking chamber and
was used to simmer and boil.
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Figure 2.3: Steel bucket with an open section, showing insulation and cooking chamber.

Figure 2.4: Straw insulated ISEC with a square-shaped concrete perimeter

Other designs were made with an immersion heater inside the cookpot to directly cook
food. The immersion heater can be made by pushing a chain of diodes down an aluminum tube
(costing less than $2) or bought from an electric shop. It eliminates the use of concrete and
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concerns about food cooking better on the side closest to the heating element than the other. This
also reduces heat loss and the likelihood of heater creating hot spots since only the side closest to
the cookpot heats up.

2.1.3 ISEC with Hot Diodes
A chain of diodes is attached to the exterior of a cook pot (figure 2.5) or pushed down an
aluminum tube as an immersion heater. Diodes connected to a solar panel can draw current at
different solar intensities while maintaining a voltage close to the maximum power point voltage
(Vmp). Because across a diode chain the voltage drop is not dependent on the current flowing
through it, diodes are able to draw maximum power from a solar panel at varying solar intensities
(Gius et al., 2019). Unlike regular 12 V cookers which use resistive heater and proper electrical
conditions to operate, a diode-based insulated cooker requires no regulated power; they work well
when connected to a solar panel directly.
A thermal switch is attached to the diode chain and then connected thermally to the
cookpot, protecting the circuit from overheating, or starting a fire when in direct contact with
insulation. The thermal switch also terminates the power supply from the solar panels at the
specified temperature of the switch. Initial experiments had 20 diodes on each chain.
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Figure 2.5: A diode chain attached to the exterior of a cook pot and covered with epoxy.

2.2 Current Design and Fabrication
2.2.1 Electric Heating Element Design
A basic ISEC is made with an electric heating element thermally attached to the base of
the cookpot. The resistive heating element is obtained by cutting a section of an electric stove top’s
heating element (figure 2.6) to a resistance between 3.5-4 Ohms. The total resistance of the normal
stove top is about 20 Ohms, thus too high for a 100 W solar panel. Since most 12V, 100 W solar
panels supply a maximum of 18V and just under 6A, maximum power is delivered to the ISEC
when the heating element has over 3 Ohms resistance. More so, because less than optimal sunlight
conditions produce low current outputs and since the resistance increases slightly with
temperature, we aim at a resistance of about 4 Ohms.
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Figure 2.6: Resistive heating element

To find the approximate length of the heating element corresponding to a resistance of 4
Ohms, we measured the entire length of the resistive heating element and its total resistance with
a digital multimeter. The values then substituted to the equation below:

………………… Equation 1

Lsection = length of section of heater to cut
Lelement = length of entire heating element
Relement = resistance of the entire heating element
The heater is made using a 24-gauge nickel chromium (NiCr) wire. NiCr has high internal
resistance although the resistance varies per foot/inch/meter. It is the most common material used
to make electric heating elements. For an 18V maximum power point voltage (Vmp), the length
of nichrome wire needs to correspond to a resistance between 3.5 to 4 ohms. An electrical
multimeter can be used to obtain the resistance required. Using a nichrome wire of 1.6 ohms per
foot resistance, 2.5 feet gives us 4 ohms. Connecting the NiCr wire with high temperature wires
19

allows the point of contact to withstand the high voltage flowing through the wires. NiCr glows
red when hot. Using a high temperature solder, the connections are soldered between the high
temperature wire and the nichrome wire. We slid the high temperature wire and the nichrome wire
into a copper tube, making sure the nichrome touches the other wire, and then crimped them firmly.
Furnace cement and ceramic beads are used to keep the NiCr heater in place, preventing it from
touching the aluminum pot and short-circuiting.

Figure 2.7: NiCr wire connected with fiberglass coated wire (left) and right: NiCr heater held in
place with ceramic beads and furnace cement.
2.2.2 Cook Pot Design
The ISEC comes in two models, the basic direct heating assembly and the ISEC with a
phase change storage material. This section discusses the construction of both models. Basic direct
cooker cooks food during the day, typically when there is high solar radiation. The ISEC with a
phase change storage material can be used day or night.
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2.2.2.1 Direct ISEC Design
Two identical cooking pots are required for the direct ISEC. One pot is cut to form the nest
which allows the other pot to fit snugly, making a good thermal connection (figure 2.9). Slits of
about 4 inches long are made at different points on the nest (figure 2.8). For maximum heat transfer
to food, the bottom of the cookpot and the nest need to touch each other. A resistive heating
element of the appropriate resistance is attached to the nest by using high temperature adhesive.
The heater is thermally shielded and firmly connected with a sheet of aluminum over the base of
the nest, completely covering the heating element. This is shown in figure 2.8(b). The aluminum
cover efficiently distributes heat from heating elements all throughout the nest.

a

b

Figure 2.8: (a) Finished nest, cut to height with equal spaced slits cut until base. (b) The resistive
heater at the bottom of the nest is covered with aluminum foil to help transfer heat to the cookpot.
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Figure 2.9: Assembled nest, cookpot, and heater
2.2.2.2 ISEC with Phase Change Assembly (PCA) Design
With a maximum power point (MPPT) voltage approximately 18 V, a 12 V 100 W solar
panel drives a current of 5.5 A through either a chain of diodes (Gius et al., 2019) or a resistive
heater (Watkins et al., 2017). Unlike the direct ISEC that cooks food slowly at ~100 W during the
day, the power supplied from the solar panel can be used slowly to melt a phase change material
(PCM) (Unger et al., 2019) enclosed in a Phase Change Assembly (PCA), providing heat for food
later (Osei et al., 2021).
Two pots of different diameters are used for the PCA construction. The smaller pot (inner)
is placed inside the larger pot (outer pot), which typically houses the PCM. The heating element
for the PCA is attached to the bottom of the inner pot. Like the direct ISEC, the heater is covered
with an aluminum sheet or foil to distribute the heat more efficiently from the heating element
when melting the PCM. This assembly can only be done when the PCM is molten, however, care
must be taken when handling the molten PCM. Due to their high melting point temperatures, PCMs
cause severe burns than most substances. The flanged end of the inner pot raises and separates the
inner pot from the outer pot, forming a covering over the cavity between the two pots and prevents
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molten PCM from spilling as shown in figure 2.12(b). Holes are drilled in the flange to allow wires
to be connected to the heating element and thermal protectors. When the inner pot is placed into
the pool of molten erythritol, it floats. However, we put weights in the inner pot to push it down
so that the two pots touch each other, closing the gap.

b

a

Figure 2.10: (a)Resistive heater glued to bottom of inner pot and (b)then covered with aluminum
sheet to evenly distribute the heat while holding the heater in place when submerged in PCM.

a

b
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Figure 2.11: (a)Melting PCM on an electric hot plate. (b) Assembled PCA with loads in the
cooking chamber to close the gap between outer pot and inner pot.

a

b

Figure 2.12: (a) An image of the assembled PCA and (b)PCA with the gap closed on the right.

2.2.3 Thermally Connecting Heating Element
After cutting-up the resistive heating element, the two ends are exposed to allow
connection with the NiCr wire. One side of the resistive heater (NiCr wire) is connected with a
short lead wire to make it easier when attaching the thermal switch and thermal protector to the
cookpot. The other end of the thermal protector is then connected with a relatively longer wire and
same done to the other end of the resistive heater which goes directly to the solar panel. The end
of the wire which goes to the panel is replaced with banana plugs for easy connection with to the
solar panel. It is crucially important that the Nickel Chromium (NiCr) wires in the heating element
are strongly wrapped around the lead wires, and these wires do not touch the outer metal covering
of the heating element, preventing short-circuiting. For our assembly, we slide the NiCr wire from
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the heater and the lead wire into the same short piece of copper tubing, crimping the copper tubing
with a pair of pliers to make a good connection between the two.
Due to the high corrosive nature of the PCM used, covering the copper tube and exposed
wires with a layer of high temperature epoxy and/or aluminum helps prevent possible degradation
from corrosion. The electrical heating elements are malleable, allowing a bend to the correct
curvature on the bottom of the inner pot or the nest. The flat side of the resistive heater coated with
the high temperature epoxy is attached to the base of the inner pot or the nest, set under loads
(weights) to make a good thermal contact, and completely covered with aluminum.

Figure 2.13: The NiCr wire in the heater and the lead wire in the same short piece of copper tubing
(left). Right: crimped copper tubing with both wires connected.
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Figure 2.14: resistive heater glued using high temperature epoxy to bottom of nest pot without
thermal fuse or thermal switch and heater set under pressure (right) to cure.
2.2.4 Thermal Protectors
A 100 W solar panel connected to the resistive heater provides constant power to cook
food. The continuous power supply if unattended to poses a fire hazard. Thermal switches and
thermal fuses are used in the assembly to open the circuit when the temperature of the cooking
chamber exceeds the set temperature on the switch.
The thermal switch and fuse are ideally attached to the upper edge of the nest or the outer
pot (in PCA configuration), ensuring that the heating element and the base of the cooking chamber
get considerably warmer than the area closest to the thermal switch before the circuit is opened to
cut power. The components are not directly attached to any conductive surfaces, but a layer of
epoxy is coated between the aluminum pot surface and both the switch and fuse to it from prevent
shorting. It is also possible to solder these connections, but any solder used should be nontoxic and
melt at temperatures above 200 ℃.
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Figure 2.15: (a)Thermal switch and fuse connected to each other and (b) thermal protectors
attached to the outside of the PCA to protect the system (right).

2.2.5 Melting the Thermal Storage Material
Thermal energy stored in a PCM allows the user both access to greater power (by rapidly
drawing the stored heat) as well as the ability to cook when the sun is not out.
The basic ISEC with PCA used Erythritol (ET) as the PCM. The setup is shown in figure 2.16. ET
is a sugar alcohol which has been investigated for use as a PCM (Shukla et al., 2008, Adachi et al.,
2014, Mofijur et al., 2019, Vivekananthan and Amirtham, 2019, Höhlein et al., 2017) has two
different melting points (105 °C and 118 °C) as reported by (Höhlein et al., 2017). Tests done with
ET herein indicated a melting point of 118 °C.
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Figure 2.16: Schematic of the ISEC with thermal storage made from a 24 cm outer pot and a 19
cm inner pot.

ET is found naturally in certain fruits and fermented foods and produced industrially by
fermenting glucose. It was chosen as energy storage material for its availability, low cost, high
melting point temperature, and safety. Compared volumetrically to water, ET’s heat of fusion is
slightly higher than that of water and has a specific heat capacity in the liquid state less than water
(Osei et al., 2021). Tests were conducted with 2.5 kg of ET in between two concentric pots with
the heater physically and thermally attached to the base of the inner PCA pot. Vessels were
prepared by melting ET in the outer pot either on an electric hot plate or using a gas range. In some
experiments, aluminum fins and/or metal shavings were added to act as heat transfer fins. The
inner pot is immersed into the molten ET and loads placed in it as shown in figure 2.11(b).
Thermal cycling of ET was conducted to determine its degradation point. The 2.5 kg of ET
used in each ISEC discharges approximately 0.4 kWh of thermal energy when it cools from 180 °C
(maximum temperature we allowed ET to rise to) to 70 °C (Osei et al, 2021). This corresponds to
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thermal energy capable of bringing more than 4 kg of water to a boil (see Table 2). Storing
intermittent renewable energy efficiently is globally relevant beyond cooking, and a few PCMs
have been tested (Mofijur et al., 2019). Sugar alcohols, paraffins, nitrates salts, and hydroxides are
among the PCMs with temperatures ranging from 50–200 °C, acceptable for cooking and oil has
been investigated as a sensible heat storage medium (Mawire, 2016). Several solar cooking
systems have included a variety of PCM storage methods but face the same problems in terms of
gaining access to sunlight while keeping the stored thermal energy insulated.

Table 2: Physical Properties of Erythritol.
Physical Property

Value

Solid Density

1.48 g/cm3 at 20 °C

Liquid Density

1.30 g/cm3 at 140 °C

Melting Point

117–120 °C

Boiling Point

330.5 °C

Heat of Fusion

315–379.6 J/g

Solid Specific Heat

1.38 J/g°C

Liquid Specific Heat

2.76 J/g°C

Solid Thermal Conductivity

0.733 W/m°C, at 20 °C

Liquid Thermal Conductivity

0.326 W/m°C, at 140 °C

Characteristics of Erythritol (ET), from National Center for Biotechnology Information & Höhlein et
al. (2017).

2.2.6 Housing and Insulation
Insulation is an important component of the Insulated Solar Electric Cooker. The cook pot
with its lid and nest as well as the PCA are designed to be placed in the center of a container with
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insulation stuffed all around. The insulation provides thermal resistance to reduce the amount of
heat lost to the surroundings and keeps the external temperature of the container or bucket low
enough to prevent injury to potential users. Fiberglass, rockwool, and perlite have been tested and
chosen as the preferred materials for insulation. Holes of about 2 cm in diameter are drilled in the
bottom and sides of the bucket or container a few centimeters apart. The holes prevent condensate
from water vapor building up at the bottom of the bucket when cooking. For aesthetics, wire leads
form the ISEC are passed through the holes to exit the bucket. The bottom and sides of the bucket
are all adequately insulated. We use perlite at the bottom of the ISEC, preventing the ISEC from
sinking down and fiberglass at the sides to reduce heat loss through the sides. Personal protective
equipment (PPE) is used while installing the insulation to reduce the risk of a rash or fiberglass
dermatitis when fiberglass gets exposed to the skin's outer layer. Although more insulation means
reduced heat losses, there should be enough room for the PCA and nest to sit within the bucket.
Care is also taken that the insulation is not too high or is covered to protect food from
contamination. Table 3 shows a comparison of the thermal conductivities of the materials
considered for insulating ISECs.

Figure 2.17: Installing fiberglass insulation in bucket (left) and bucket housing with rockwool
insulation with PCA (right)
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Table 3: Insulation comparison

Parameter

Units

Rockwool

Fiberglass

Perlite

Cost

$/m^3

65

60

45

Thermal Conductivity

W/mK

0.035

0.039

0.065

Ignition Temperature

Celsius

1177

1121

900

Density

kg/m^3

22-45

0.5-1

30-150
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Experimental Setups and Results
3.1 Introduction
A wide variety of materials were purchased for use in the construction of the ISEC. This
section describes the major experiments conducted with the ISEC and the relevant materials used
to analyze efficiency and design flaws. Experiments included various material tests, failure tests,
and tests of the ISEC prototypes' ability to cook various meals.

3.2 Adhesive Test
Originally, the ISEC fabrication began using the JB Weld epoxy brand. The epoxy forms
a strong, permanent bond between surfaces and can withstand a relatively high temperature of
approximately 288C when fully cured. However, sometimes the epoxy binding the heating element
to the cook pot, or the nest came off when immersed into the PCA. It was messy and took 15-24
hours to fully cure, time which we did not have. The epoxy is also expensive, costing about $7.99
for twin tubes of 2 ounces. Because of these factors, we decided to explore other adhesive options.
After testing SD933 thermal conductive RTV sealant silicone adhesive as an alternative to
JB Weld epoxy, we found that it was the best high-rated temperature option. Although rated for
temperatures up to 250 ℃, SD933 thermal conductive RTV sealant silicone can withstand
temperatures up to 375 ℃ per our lab experiments.
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Figure 3.1: Heating element separated from the inner pot

3.2.1 Setup
The RTV silicone sealant (white color) was spread around the bottom of the nest first, then
the heating element was attached, and more adhesive applied to completely cover the heating
element. A K-Type thermocouple wire was inserted under the heating element and connected to a
datalogger which displayed the temperature reading, as shown in figure 3.2. The setup was allowed
to cure until the adhesive was texture thickened slightly, and then connected to a power source
supplying a constant 100 W power to the heater.
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Figure 3.2: Setup showing the heating element covered by the RTV adhesive and a thermocouple
wire connected to the datalogger.

3.2.2 Results
After being connected to the power source for less than 5 minutes, heat began curing the
adhesive, releasing visible steam waves. The temperature of the heater at that point was almost
100 ℃. When the temperature reached the adhesive manufacturer’s stated limit of 250 ℃, the
adhesive was still soft enough that there were no cracks, so the test continued. Cracks began to
form on the surfaces of the adhesive at 310 ℃, but the heating element remained attached to the
cookpot. The power source was turned off at approximately 375 ℃ to protect the heating element
since there was no thermal protector attached and the silicone RTV adhesive test ended. Normally
white in color, after reaching 375 ℃. The adhesive was browned in some parts and pieces chipped
off because it had dried too much. It was fascinating to find some of the adhesive still spongy on
the inside and the heating element still thermally connected at the base of the pot. The heating
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element was finally forced off, leaving pieces of the adhesive behind where it had been.

Figure 3.3: (a) Areas of the RTV adhesive cracked and broken off from the heater. (b) Heating
element taken off the base of the pot and (c) Spongy areas of the adhesive.

The experiment was repeated for the ISEC with a thermal storage medium using Erythritol
as the phase change material. The JB Weld epoxy brand used in the initial assemblies was not able
to keep the heating element attached to the inner pot when immersed in the molten phase change
material. However, with the SD933 adhesive, the heater was still attached to the inner pot even
when the molten PCM was raised to higher temperatures on a gas range than would be reached by
the solar panels.
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Figure 3.4: Heater thermally connected to inner pot after cycling the PCM to higher temperatures.

3.3 USB Charging
Although the ISEC mainly addresses the cooking needs of impoverished communities, also
attached to it is a USB port for charging appliances like cell phones, solar lamps, and batteries.
Most of these countries rely on kerosene-burning lamps even though kerosene is a harmful
pollutant, volatile, and produces a weak, yellowish light that is difficult to read by. In fact, many
children’s eyes are damaged by doing their homework in the light of kerosene lamps (Stumpf,
2013 and Ashenden et al., 1970). More so, millions of children get fatally burnt when they trip
over kerosene-burning lamps (Backett & World Health Organization, 1965). The USB port
attached makes available the convenient option to use rechargeable lamps that can be fully charged
during the day while cooking at the same time.
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3.3.1 Setup and Results
Rather than reinvent the wheel, a 5V USB port was purchased from Amazon for testing.
The USB was connected to the solar panel, then an iPhone was connected to the USB port via the
phone’s charging cord. The phone, initially with 5 percent battery, was charged to 100 percent in
less than an hour.

Figure 3.5: 5 V USB charge port.

3.4 Solid Thermal Storage
Solid materials (metals) were investigated as heat storage mediums for their high thermal
capacity and conductivities. Steel, iron, and aluminum were the three selected for thermal storage
in the ISEC. Even though steel and iron have high thermal capacities, aluminum has a higher
thermal conductivity. Generally light in weight, aluminum makes the ISEC less heavy as compared
to steel and iron of the same mass.
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3.4.1 Setup
A direct heat ISEC made with a 3 Ohm resistance Nichrome wire was connected to the
power source and thermally insulated using perlite and rockwool. The 3.2 kg aluminum puck (Al
puck) machined for the test was then placed on the heating element to be thermally connected.
Two thermocouples were used, one attached to the heater to read its temperature and the other
inserted into the aluminum puck via a 1/16-inch drilled hole.

Figure 3.6: Aluminum puck on a heating element with a K-Type thermocouple wire attached.

3.4.2 Results
The initial idea was to raise the Al puck to about 350 ℃. After 3.5 hours, the temperature
of the heating element was approximately 535 ℃ and that of the Al puck was around 200 ℃(figure
3.8). However, power supply to the heater cut off because of a short-circuit between the steel
sleeve and the wires (figure 3.7). Even though the power disconnected, we were able to run a test
attempting to boil water with the 200 ℃ puck. One liter of water in a steel pot was placed on the
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Al puck to determine how long it takes to boil. But, because the insulation at the opening of the
ISEC was too thin, more heat than anticipated was lost and the water did not boil as expected.

Figure 3.7: Short-circuited between the steel sleeve and the wires

Figure 3.8: Aluminum puck heater and allowed to cool in an insulated chamber
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In response to the failed insulation measures, tests were conducted using vacuum sealed
containers instead. To test the thermal conductivity of the vacuum-sealed containers, we heated
the same 3.2 kg aluminum puck and recorded the data as it cooled in each container. The puck was
heated to 300 °C and placed in the vacuum-sealed vessel with rock wool surrounding the puck.
Temperature data was collected on the aluminum puck over time. The Buffalo brand container
performed slightly better than the Stanley container, but neither insulated the puck much better
than simply using rock wool or fiberglass insulation in a non-vacuum-sealed container. Still, too
much heat was lost through the lid of the vacuum-sealed containers.

3.5 Simulating Cooking with PCM ISEC
The ISECs are designed to be used during the day and at night with an energy storage
medium. This means the phase change material needs to melt completely throughout peak sunlight
hours to be able to store enough energy for use after dark. This test measured the efficiency of the
phase change material and determined how long it takes to bring food to a boil using stored energy.

3.5.1 Setup
A completed ISEC with a lid was placed in the insulated bucket or bin. The insulation was
encased in foil or welder’s blanket, making sure the ISEC fit tightly in the insulation. The foil and
welder’s blanket protects the food from contamination by the insulation. The wires connected to
the ISEC reached out of the insulated bin and an insulated lid firmly pressed over the top of the
bin to prevent heat loss through the top. Finally, the wires were connected to the power source.
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Temperature readings were taken using a 4-channel type-K thermocouple data logger with
a 0.1 °C precision and an accuracy of about 1 °C. Four thermocouples were used. One was placed
at the top of the PCM, a second at the bottom of the PCM, another closer to the heating element,
and the last in the cooking chamber to read the temperature of the food.

Figure 3.9: ISEC with PCM assembled in a mug bucket fully insulated

3.5.2 Results
The thermal storage material was heated from room temperature by supplying it with 100
W of power. Rather than cooking food slowly at 100 W, the heat can instead melt a PCM housed
in a Phase Change Assembly (PCA) to cook food quicker and with more power later. The ISEC
was connected to the power source for six hours to simulate how much sunlight is available in a
typical day. During the 6 hours, the top of the PCM reached about 190 °C and the bottom around
150 °C, both temperatures above the melting point (118 °C) of the PCM indicating complete phase
change to molten erythritol. Then the ISEC was disconnected from the power source for 3 hours
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and left completely insulated without food in the cooking chamber, simulating the time it would
take the average user to return home from work before beginning dinner. The temperature of the
top and the bottom of the PCM reached thermal equilibrium and reduced from about 160 °C to
about 140 °C within that 3-hour period.
After 3 hours without use, 1.5 kg of cold tap water was added to the cooking chamber and
brought to a boil. Figure 3.10 documents the temperature readings obtained from this experiment.
The water reached its boiling point (100 °C) in less than an hour and continued boiling for about
3.5 hours before reaching an equilibrium with both the top and bottom of the PCM (after 14 hours
of the PCM being connected to the power source). However, thermocouple readings indicated that
when the energy flowed from the PCM to the food, the inner PCA lost heat faster than the outer
PCA. About 256 g of water boiled away before the PCM and the water reached equilibrium. The
next morning, the water temperature was close to 60 °C, warm enough to make breakfast.

Figure 3.10: The PCM heated for 6 h at 100 W and was left without power and no food for three
hours before adding 1.5 kg of water.
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To increase the rate of heat transfer from the bottom to the top of the PCM and cook the
food faster, metals were mixed with the molten PCM. Aluminum was chosen due to its
affordability, availability, and thermal conductivity. Aluminum sheets and/or shavings have high
thermal conductivity, 205 W/m/K, in contrast to the PCM thermal conductivity of 0.73 W/m/K.
The experiment was conducted with 0.09 kg of aluminum foil with a thickness of 0.25 mm placed
within the PCA pots. Additionally, 0.5 kg of aluminum shavings were mixed with the PCM. The
test after the aluminum was incorporated resulted in more water boiling away, 309 g as opposed
to the earlier 256 g of water.

3.6 Cooking with the Solar Cookers
After finishing these series of tests and adjustments, we were satisfied with the ISECs
ability to store energy and sustain a boiling temperature long enough for the average household
kitchen’s daily needs. The adhesives worked to hold the heating element intact, aluminum mixed
with the PCM ensured a high rate of heat transfer, the insulation material prevented substantial
heat loss, and even the USB port functioned.
Dishes were made by connecting the cooker to the power source for about 3 hours and then
adding the ingredients of the dish. Depending on the meal and quantity of food, the ingredients
cooked anywhere from half an hour to 2 hours. During the food testing stages, several ISECs were
used at the same time to produce multiple dishes.
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3.6.1 Making Jollof Rice in the ISEC
To begin, the fully insulated ISEC was connected to the solar panel and heated for about
2.5 hours to melt the PCM. This allowed the cooking chamber to reach a temperature of 160 °C.
The ISEC we used had a thermal switch and a thermal protector which controls the temperature
by cutting power when temperature reaches about 180 °C, ensuring we didn’t burn the food.
We then added vegetable oil to cover the bottom of the pot, allowing it to warm up, before adding
the sliced onions and mushrooms. The pot was covered with the lid and insulation until they were
fully cooked in the oil. Then we added enough diced tomatoes to fill the pot halfway. We also
added an entire 6 oz can of tomato paste and replaced the lid and insulation to allow everything to
cook for approximately half an hour. Seasonings and between 3-3.5 cups of normal, uncooked,
white rice was added to the mixture and stirred together. Water was added and then left to cook
with the lid and insulation covering the pot for around an hour and a half. In total, the jollof rice
dish which is a Ghanaian recipe was made with approximately 2.5-3 hours of cooking time.
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Figure 3.11: Some pictures from making jollof rice

3.6.2 Pictures from Other Meals
The following are pictures from this and some of the other meals cooked.

Figure 3.12: White rice, browned beans, carrots, and pork. Cooked with 3 ISECs simultaneously.
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Figure 3.13: White rice and African stew (with tomatoes, chicken, and mushrooms). Cooked
with 2 ISECs simultaneously.

Figure 3.14: White rice and tomato sauce (African style). Cooked with 2 ISECs simultaneously.
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Figure 3.15: White rice, chicken curry, and tomato stew. Cooked with 3 ISECs simultaneously.
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Discussion
4.1 Overview of Tests
The test conducted with the ISEC was able to bring 1L of water to a boil in under 50
minutes using a 100W DC power supply, mimicking using a solar panel. Similar boil tests were
conducted with water directly in the Phase Change Assembly versus water in a separate cookpot.
We found that water boils faster when poured directly in the PCA, rather than in a separate cooking
pot before being placed in the PCA. This is because the temperature difference between the food
and PCM, as well as their thermal conductivities, influences how much power is transferred. Heat
transfer takes longer to boil the water when there are two pots because there are air spaces inbetween them.
To cook food with an additional cookpot, the thermal energy stored in the PCM must first
be transferred to the inner PCA pot and then to the cookpot before heating the food. Figure 4.1
below represents four experiments where 1.0 kg of water was added to a PCA of about ~142 °C
and the power turned off. The temperature of the water rose in about 25 min when the water was
added directly to the PCA without an extra inner cookpot and no metals in PCM to increase heat
transfer (Osei et al., 2021). This time was recorded as the shortest time to raise the water to its
boiling temperature (a). The rate of heat transfer and time it takes the water to boil increased when
aluminum shavings and fins were added into the PCM (b).
To address the issues with the cleaning ISEC, we performed tests by including another
cookpot between the PCA and water (c). The added cookpot presents a thermal barrier which
reduces the heat transferred to the food. However, the air spaces are reduced, and heat transfer is
improved by dropping cooking oil between the extra cookpot and PCA (d). Adding metal fins and
shavings to the PCM increases the time it takes to reach 100℃. In that case, the water did not boil
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for a long time but instead boiled away as much water as the PCM without metal fins. This means
that the addition of fins reduces thermal flow when the PCM is in a molten state but increases
thermal flow when the PCM is in a solid state (Osei et al., 2021). Subsequently, the ISEC was used
to perform actual cooking tests where lots of recipes were tested, including beans, rice, Cornish
hen, sauce, and jam, listing a few. In all the applications, we allowed the ISEC to charge (melt the
PCM) between 3-4 hours before food was added in the cooking chamber, while power stayed
connected.
The main advantage of adding a PCM to the ISEC is to increase the power supplied to the
food resulting in a faster cooking time. To determine how long it takes to bring 1L of water to a
boil using a 100 W solar panel, and assuming a 100 percent solar panel output, we use the equation:
𝑃=

𝑚𝑙 𝐶𝑙 ∆𝑇
𝑡

………………… Equation 2

P is power of the solar panel
ml is the mass of water
Cl is the specific heat capacity of water
∆𝑇 is the change in temperature (t2-t1), t1 is room temperature (taken as 25 ℃)
t is the time it takes to reach 100 ℃.

From the above, we found that it takes less than 50 minutes to raise the water temperature
to 100 ℃ when the PCM is fully melted, even when allowed to sit for 3 hours without use before
water is added.
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Figure 4.1: Four experiments comparing heat transfer from the PCM to the ISEC to raise 1.0 kg of
water from room temperature to a boil when the PCM is about 142 °C. Adopted from Osei et al.,
2021

4.2 Rate of Heat Loss
Heat is lost through the insulation to the outside and occurs when cooking. To determine
the rate of heat loss when the PCM is melted, we use data from the measured temperature vs time
graph to estimate the actual rate of heat loss. The amount of heat lost from the erythritol has a
major impact on the efficiency and performance of the ISEC.

Figure 4.2: PCA test raising 1.5L of water to a boil

When the PCM is completely melted and allowed to sit for 3 hours without cooking food
or boiling water, heat is lost even though it is well-insulated. The heat lost to the surrounding
insulation from the PCM (erythritol) was determined using the equation:
𝑃=

𝑚𝐸 𝐶𝐸,𝑙 ∆𝑇

………………… Equation 3

∆𝑡
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P is power
mE is the mass of erythritol
CE,l is the specific heat capacity of erythritol in the liquid phase
∆𝑇 is the change in temperature (t2-t1), where t1 is room temperature
∆t is the change in time

For the period with water or food in the ISEC, we also consider heat loss from the water.
This heat is lost through vaporization as water boils. This heat loss is calculated using:
𝑃=

𝑚𝐸 𝐶𝐸,𝑠 ∆𝑇 + 𝑚𝑤 𝐶𝑤,𝑙 ∆𝑇
∆𝑡

………………… Equation 4

P is power
mE is the mass of erythritol
ml is the mass of water
CE,s is the specific heat capacity of erythritol in the solid phase
Cw,l is the specific heat capacity of water in the liquid phase
∆𝑇 is the change in temperature
∆t is the change in time

Neglecting heat losses through the insulation, losses for both when the ISEC is empty and
when water was added in the cooking chamber are estimated to be 0.104W/℃ and 0.111W/℃,
respectively.

4.3 ISEC Efficiency
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Although the ISEC can cook food during the day and at night using the stored thermal
energy in the PCM, more study is required to determine the efficiency of use during these periods.
The ISEC needs to attain maximum efficiency if it is to be adopted in impoverished communities.
The efficiency of the ISEC is defined in terms of energy. Since most rural communities have
limited economic resources and the bulk of the ISEC’s cost comes from the solar panel, efficiently
harnessing the power from the sun is a key determinant in the value of this cooking technology for
our target markets.
The overall efficiency of the ISEC, denoted by ƞISEC is defined as the fraction of energy
delivered to the food, to the maximum power rating of the solar panel (maximum energy the solar
panel collects), all multiplied by a 100 percent.
ƞ=

𝐸𝑓𝑜𝑜𝑑
𝐸𝑠𝑜𝑙𝑎𝑟 𝑝𝑎𝑛𝑒𝑙

𝑋 100%

………………… Equation 5

However, because there exist varying solar intensities during the day and the solar panel
cannot achieve a 100 percent efficiency, the ISEC also cannot achieve a 100 percent efficiency.
When the device is connected in the morning or late afternoon, the solar radiation hitting the
surface of the solar panel will be lower than compared to during the peak sunlight hours, and
therefore the power produced by the solar panel will be much lower. The solar radiation supplies
voltage across and allows current to flow through the heating element. The power flowing through
the heating element is dissipated heat that either cooks the food or melts the PCM. The energy
from the sun and energy supplied to cook the food are denoted as Esolar panel and Efood respectively
and defined by:
𝐸𝑠𝑜𝑙𝑎𝑟 𝑝𝑎𝑛𝑒𝑙 = 𝑃𝑡
𝐸𝑓𝑜𝑜𝑑 = 𝑚𝐶∆𝑇 + ℎ𝑓 ∆𝑚
P is the power output of the solar panel
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………………… Equation 6

t is the total time power is supplied
m is the mass of the substance
ΔT is the change in temperature
C is the specific heat and depends on material and phase

During the laboratory test where ISECs were left to sit insulated without water or food for
three hours simulating a more ideal situation, the efficiency was found to decrease as heat was lost
in that period. An overall efficiency of approximately 51 percent is obtained after letting the ISEC
sit doing nothing. The efficiency increases to about 62 percent if cooking is done immediately after
the PCM is completely melted, where both top and bottom surfaces of the PCM are at an
equilibrium temperature. However, we found that an ISEC with warm PCM that was used to cook
one day was about 50℃ the next morning, when well insulated. Starting the ISEC at this
prewarmed temperature increases the efficiency to about 70 percent and takes fewer hours to
completely melt PCM.
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Conclusion
For cooking, the ISEC with PCM has the capacity to cook huge meals with more power
and faster during the day and after dark than a direct ISEC. In general, the addition of a phase
change thermal storage medium presents an answer to the intermittency cooking problem with
most solar cookers. With the cost of solar panels decreasing and the low-cost of erythritol, the
ISEC is suitable for households and provides a direction for industrial thermal storage application.
By storing the day's energy in the PCM, we made the Insulated Solar Electric Cooking (ISEC)
more efficient and accessible, providing more power and the ability to cook faster after dark.
Although the ISEC has its own strengths and limits, the efficiency of the thermal storage medium
is equivalent to that of a battery but at a much more affordable cost in household application.
The technology is implemented in several developing nations where we support a learning
community, both technologically and financially. Rather than mass manufacturing ISECs at a
factory somewhere and shipping them to these communities, we aim to make construction possible
locally. This benefits the local people by creating jobs and allows us to utilize local resources. The
feedback and preferences of these local communities is invaluable as it allows us to continually
improve the technology. While ISECs have been disseminated in various countries since the
formation of the global collaboration, about 15 ISECs have been created with the PCM component.
These improved ISECs have been distributed to partners in Ghana and Togo, with the hope of
expanding construction of ISECs with PCM in Jamaica, Uganda, Sierra Leone, Cameroon, and
South Africa.
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